ABSTRACT Recent breakthroughs in wireless charging technologies have greatly promoted the development of rechargeable wireless sensor networks (WSNs). To improve the lifetime of WSNs in many applications, the charging efficiency of mobile chargers (MCs) and the energy supplement of MCs should be improved. Although optimized charging path schemes in WSNs have been studied extensively, little attention has been paid to determine the energy consumption of MCs while charging and their movement during the charging tasks. In this paper, we analyze the relationship of the movement energy consumption of MCs and their energy transfer to the nodes and put forward our algorithm for improving the charging efficiency of the MCs. We divide the entire network into different charging regions and propose three charging schemes based on different situations in each region. The idea of cooperation among the MCs to charge MCs further enhances the charging efficiency of the MCs. A simulation demonstrates the advantages of our algorithm for improving the lifetime and charging efficiency of the MCs. This paper aims to improve the lifetime of WSNs and to decrease the cost for charging nodes and results in a longer lifetime for WSNs in applications with limited energy.
I. INTRODUCTION
Wireless Sensor Networks (WSNs) have many applications, such as monitoring of the structural health in coal mines, toxic gas monitoring in industrial areas, and prevention of forest fires. Many efforts have been made to improve the working efficiency of WSNs. The WSNs require sufficient power for long operating times, however, sensor nodes in WSNs are equipped with small batteries that have relatively little power; thus, the entire network has a limited lifetime. Existing methods to prolong the lifetime of sensor nodes have been put forward and include energy savings [1] , energy harvesting [2] , and node reclamation [3] . However, using these methods, it is difficult to maintain a steady energy supply to guarantee a long lifetime of the nodes, which has a great influence on the service quality of WSNs.
Recently, advances in wireless energy transfer have made a breakthrough. Therefore, the problem of the energy supply for the nodes can be solved reliably. The feasibility of wireless energy transmission has been demonstrated by Kurs in [4] . In [4] , a high-efficient energy supply is obtained over a distance by coupling resonance. Furthermore, Kurs developed a series of prototype devices for wireless energy transmission. This technology has brought forth new ideas for supplying energy for WSNs. Prior studies have proposed that wireless chargers equipped with coupling coils are able to recharge near sensor nodes using this new technology. These chargers are located on vehicles or mobile robots and all nodes in the WSN can be recharged as the vehicles move around the WSN. The lifetime of the WSNs is extended by using these mobile chargers (MC), which provide a stable supply of energy.
However, the limited capacity of battery influences a MC's working hours. Due to the limited power a MC carries, the energy consumption has a great impact on the MC's work. The energy consumption of a MC in charging tasks can be divide into two parts: 1.energy consumed by charging nodes; 2. movement energy consumption. (Compared with these two parts, other energy consumption is too little to be ignored.) So reducing movement energy consumption will enhance working hours of MCs. In this paper, we propose a multicharger cooperation recharging algorithm (MCRA) based on an area division for WSNs to reduce the movement energy consumption of MCs. First, we divide the entire network area into small rechargeable regions and the nodes in each region are recharged by a MC that is deployed only in this region. Further, we design the different working modes and energy supplies of the MCs based on their locations and working loads. Moreover, the idea of cooperation between neighboring MCs is proposed to reduce the movement energy consumption of the MCs.
The main contribution of this paper is that we propose MCRA and prove its practicability by theoretical derivation and simulation. Compared with other algorithms, MCs in different regions select more appropriate working modes and energy supply methods in MCRA. Moreover, the method that MCs cooperate with its neighboring MCs is proposed to further reduce movement energy consumption.
The remainder of this paper is organized as follows: Section II summarizes recent developments for charging algorithms in WSNs. Section III describes our charging algorithm in detail. Section IV presents our simulation results and Section V presents a summary and projects future work.
II. RELATED WORKS
Many researchers have devoted much effort over many years to optimize the charging algorithms that can prolong the lifetime of WSNs. For instance, Xie et al. in [5] - [7] proposed many improvements for algorithms related to wireless recharging of networks.
A number of studies have focused on the adjustments of the traverse route and the working mode of a single MC. In [8] , Fu et al. proposed a charging algorithm aimed at reducing the amount of time that a MC spends in one location. In [9] , Shu et al. proposed an algorithm that allows a MC to charge nodes while moving instead of stopping to recharge. The basis of his article is that an MC can charge a sensor node effectively within a certain distance. In [10] , Han et al. proposed a grid-based joint routing and charging algorithm that projects the charging path of the MC in industrial wireless rechargeable sensor networks.
In contrast, some researchers have focused on the operation of multi-chargers and their cooperation. In [11] In the above-mentioned studies, the charging strategy of the MCs has been improved in various ways. However, few articles have focused on the MCs movement energy consumption and energy supply although these two factors have a strong impact on the working efficiency of the MCs. Therefore, in this study, we take the movement energy consumption into consideration and propose a solution for large-scale WSNs. Reducing the scale of the working area facilitates saving battery power so that the MCs can operate for a longer time period. By solving the problem of the MCs energy supply, the time required for MCs to return to the base station for recharging is minimized. The highlight of our study can be summarized with regard to two aspects: 1) the network is divided into several parts based on the regional characteristics (the energy state of sensor nodes and the distance between the base station and the node), and 2) the design of the cooperation of multiple MCs solves the problem of the energy supply for remote MCs.
III. A MULTI-CHARGERS COOPERATION RECHARGING ALGORITHM
In this section, we show the detail of our proposed algorithm, including dividing charging regions, designing working mode of MCs, projecting energy supply approaches of MCs.
A. NETWORK MODEL Our model can be described as follows. There are N stationary sensor nodes distributed uniformly over the network. S MCs are deployed in the WSN to charge the sensor nodes that have a low battery. The entire network is represented as a large-scale square region with a side length L; a base station at the center of the region collects the data and charges the MCs. We assume that all sensor nodes know their location and their neighbors' locations and the base station is aware of the locations of all MCs. The sensor nodes consume power by receiving and transmitting data packets wirelessly with a communication range of r. The sensor nodes pass the packets to the neighboring node, which is closest to the base station. In this manner, packets are delivered to the base station with the least number of transmissions, in other words, with the least amount of energy consumption in the network. However, this means that nodes near the base station spend more energy transmitting packets while others away from the base station consume less energy. Figure 1 illustrates the distribution of the energy consumption of the nodes. The nodes that are mostly black consume energy slowly and the nodes that are half black consume energy more quickly while nodes that are mostly white consume energy at the highest rate. We can see that sensor nodes closer to the base station have a shorter life time.
In this study, every MC has the same structure as an RFID reader and represents an intelligent mobile vehicle. The MCs have limited battery power E MC . Further, the MCs move at a constant speed V to traverse the sensor nodes that require energy. For efficient energy transmission, we stipulate that the antenna of the MC is directional and that an MC can charge only one sensor node at the same time. We define that the distance for every transmission should have the lowest value, for example, 0, for maximizing the efficiency of the transmission.
We propose an important parameter called the charging efficiency that has great influence on the MCs working efficiency. The charging efficiency is defined by the following formula:
where e C is charging efficiency, E C is the energy that the MC provides to the nodes and E T is the total energy consumption of the MC. A high charging efficiency means that the MC provides more energy to the nodes and consumes less energy during movement. Therefore, our goal is to develop a highly efficient charging algorithm.
B. DIVISION OF THE CHARGING REGION
As illustrated in Fig. 1 , nodes in different regions have different energy consumption rates. Nodes near the base station have the shortest lifetime without charging while nodes further away from the base station have a much longer lifetime. Therefore, we divide the network into three different regions based on the different lifetime lengths. The area is divided into three concentric squares with the base station located in the center. Three different charging regions exist, the inner region, the middle region, and the outer region. Sensor nodes in the inner region consume energy fastest because they not only collect information but also transfer packets from other regions while the nodes in the outer region consume relatively small amounts of energy during the same time. The MCs are deployed in these regions to charge the nodes. Because one MC cannot charge the sensor nodes in a large region in time, we divide the three regions into smaller regions by inserting diagonals into the square. As illustrated in Fig. 2 , the inner region is divided into four triangle regions while the middle and outer regions are divided into four trapezoids. Next, the isosceles trapezoid in the middle region is split into two trapezoids. The triangle outlined in red represents the final inner region, the trapezoid outlined in orange is the final middle region, and the isosceles trapezoid outlined in blue is the final outer region. The MCs are responsible for charging the nodes in only their regions and we name them the inner MCs, the middle MCs, and the outer MCs according to their locations. We assume that node density is ρ and the height of the inner region, the middle region and the outer region are respectively H 1 , H 2 and H 3 . The number of nodes in these three region are N 1 , N 2 and N 3 . Therefore we can calculate the movement energy consumption of MCs in different regions as E M 1 , E M 2 and E M 3 :
where E M is the movement consumption rate of an MC. Because the nodes are uniformly distributed, the distance between any two neighboring nodes can be calculated as ρ
2 . In consideration of MC back to start position of charging task, the length of the height, for example, H 1 is added to the movement path length in the above formula. Next, it's important to calculate the energy consumption of an MC that is transferred to the nodes in one charging cycle, E C 1 , E C 2 , E C 3 as follows:
where E n is the energy node n receives from an MC, and η is the energy transfers efficiency rate. Therefore, the total energy consumption of the MCs in the three regions in one charging cycle is proposed as follows:
In above formulas, ρ, η, E M are constants. Therefore E C 1 , E C 2 and E C 3 are only related to the value of the region's height H 1 , H 2 , H 3 and E n . E n is also related to the sensors' location. Therefore, the heights of the regions have great impact on the MCs' energy consumption.
In this study, we assume that the inner MC survives for at least one charging cycle and retains enough energy to charge the middle MC. The middle MC should also survive for at least one charging cycle without any recharging from the inner MC. The longer the middle MC survives, the greater the error-tolerance rate of the scheme becomes. The middle region should not be too large. We assume that the energy consumption of the MCs in the inner and middle regions should satisfy the following formula:
where E MC is the battery capacity of the MCs. The formula shows that the inner region should not be too small so that the inner MC charges a sufficient number of nodes to lighten the burden for the MCs in the other regions. The middle MC should not exhaust its energy during the time when the inner MC completes at least two charging cycles because the inner MC only charges the middle MC every two charging cycle. In this study, the outer MC is unable to charge all the nodes in the outer region without an additional energy supply. Therefore, this MC can choose the outer region and limit the number of times that the outer MC returns to the base station. This number was set as a threshold value R n of 5, meaning that the outer MC returns to the base station no more than five times before it charges all the nodes in the outer region. Based on these restrictions, we confirm the values of H 1 , H 2 , and H 3 . However, there are several combinations of H 1 , H 2 , and H 3 that satisfy our demand. And we choose the approach where H 1 is the minimum because this decreases the time required for one charging cycle of the inner MC, which results in more frequent charging of the middle MC by the inner MC. Based on the requirement that the outer MC returns to the base station as few times as possible, H 3 should be as large as possible to decrease the workload of the inner and middle MCs. Our simulations proved our conclusion.
C. DETAILS OF MCRA 1) THE WORK MODE OF THE INNER MC
Sensor nodes in the inner region have the greatest load to transfer data packets from other regions to the base station.
The energy consumption rate of the sensor nodes in the inner region is higher than for the nodes in the other regions. The workload of the MCs in the inner region is heavier. Every node in the inner region has to be charged in time or it will run out of power. Due to these conditions, we propose the following charging scheme to solve these problems: Firstly, the MC near the base station is fully recharged and waiting for orders. When node i in the inner region detects that the battery is below the energy threshold value, it sends a charging request to the base station. The base station requests that the MC responsible for this region begin its charging cycle. The MC receives the charging task and moves to node i to charge it. After fully charging node i, the MC continues its charging task by charging node j, the node that is near node i and has low energy. When node j is fully charged, the MC chooses node k, the brother adjacent to node j, as the next charging node. Here, brother node indicates a node that is in the same horizontal position as the reference node. The father node is the node that lies in the horizontal position closer to the base station while the son node is the node that lies in the horizontal position farther away from the base station. Therefore, the charging route path of the inner MC is described as follows:
Routing Path A (RPA): When the MC completes its current charging task, it first chooses its nearest brother node as the next charging target. If there is no brother node, the MC charges the son node, which is close to the MCs current position and farther away from the base station. After finishing the charging cycle, the MC returns to the base station and waits for the next charging cycle. As illustrated in Fig. 3 , the MC chooses its charging path as it moves along the line connecting node i, node j, node k, and node l. In RPA, node i is chosen first because it is the node closest to the base station and has the lowest lifetime in the inner region. When node i requests a charging, the MC begins its charging cycle. After charging node i, the MC chooses node j, the son node of node i with the least amount of energy and farthest away from the base station. Then, node k is chosen as the next charging node because it is the only brother node of node j. In RPA, a charged node has only one uncharged brother node. All nodes in the inner region can be traversed and charged in this manner.
In some studies, a charging scheme has been proposed in which the MC charges a sensor node after and only after the node has sent the charging request to the MC or to the base station. In this study, this type of charging scheme is not suitable because the nodes in the inner region are consuming energy rapidly all the time. Moreover, based on routing the data packets using the shortest path, the neighboring sensor nodes have similar energy consumption because the flow of packets through them is roughly the same. Therefore, if a sensor node determines that its rest energy is below the threshold value, its neighbor nodes, such as the brother or son's nodes, will soon have low energy as well and will request charging.
2) THE WORK MODE OF THE MIDDLE MC
Nodes in the middle region have a relatively low workload and their energy consumption is much lower than that of the nodes in the inner region. Therefore, the charging task is lighter for the MCs in the middle region than for the MCs in the inner region. The charging scheme, RPA, can also be applied in the middle region; however, it would require some modifications. Due to a lower energy consumption rate of the nodes in the middle region, the MC has sufficient time to charge the low-power nodes before they die. In this study, we propose Routing Path B for the middle MC.
Routing Path B (RPB): When the MC finishes its current charging task, the base station checks whether any uncharged brother nodes exist. If this is the case, the MC will choose the closest brother node as the next charging node. Otherwise, the MC remains until one of son node sends its charging request to the base station. After receiving the charging request, the base station commands the MC to charge the son node located at the edge of the region and close to the current location of the MC. However, the base station detects when it is time to begin the next charging cycle. If this is the case, the MC can remain at the following waiting point. If this is not the case, the MC has to begin charging the remaining nodes without any hesitation. After finishing the charging cycle, the MC returns to the origin and waits for next charging cycle.
As shown in Fig. 4 , the MC first stays within the boundary of the inner region and the middle region. A node in level 1 is low in energy and sends a charging request to the base station, indicating that the remaining energy of the nodes in level 1 is approximately at the energy threshold. The MC begins its charging cycle by charging nodes in level 1. The MC follows RPB to choose the first node for charging in level 1.
After charging the last node in level 1, the MC remains and waits for a charging request in level 2. However, after the MC finishes charging in level 3, the base station detects that nodes in level 1 need to be charged shortly. As a result, the MC does not wait in level 3 and immediately charges the remaining nodes. In this manner, the MC charges all the nodes in the middle region. If charging requests from the next level are sent to the base station before the MC finishes charging nodes in the current level, the MC will first charge nodes in the current level and then begin charging nodes in the next level without waiting any longer.
In RPB, all nodes in the region are classified as being in different levels based on their horizontal location. Each level has a similar energy consumption rate because of the network model. The energy consumption rate of the nodes decreases progressively from level 1 to level 3. So as shown in Fig. 4 , the MC always moves from level 1 to level 3 during the charging cycle because the nodes in level 1 send their charging requests first. Compared with RPA, the charging scheme in RPB ensures that the MC remains at the respective level at the end of the charging cycle because this maximizes the amount of energy the MC transfers to the nodes during each charging cycle. If the MC charges in the next level without waiting for a charging request, the energy amount that the MC transfers to the nodes is lower because the nodes have energy remaining in their batteries. The charging efficiency is low if many nodes have excess rest energy. Therefore, it is wise for the MC to wait so that the nodes in the next level can consume more energy. Furthermore, the waiting time of the middle MC facilitates the idea of the cooperation of multiple MCs (we will introduce the idea of cooperation later).
3) THE WORK MODE OF THE OUTER MC
Sensor nodes in the outer region consume less energy for a longer time. Compared with the MCs in the inner and middle regions, the outer MC has a lower workload. However, in the outer region, an MC is responsible for more nodes than in the other regions. In other words, the area of the outer region that the MC serves is larger than the other regions. Therefore, if the MC wants to complete a charging cycle in the outer region, it will consume more energy during the movement. In RPA and RPB, the MC carries out its charging task by the unit as a charging cycle. But in the outer region, the MC does not charge any nodes in advance. The MC charges a node after the node has sent its charging request to the base station. This scheme ensures that the nodes consume more energy stored in their batteries until they sound an energy alarm. It does not matter that many sensor nodes send their charging requests at the same time because the remainder of the nodes that are not chosen immediately by the MC can survive for a relatively long time due to their low energy consumption rate. The MC has enough time to charge these nodes one by one. According to the above-mentioned issues, the Routing Path C is suitable for the outer MC.
Routing Path C (RPC): When the MC finishes its current charging task, it remains at the current location and waits for the next charging task assigned by the base station. The base station receives the charging request from the node that has a low life time and sends the charging task to the MC. If there are two or more charging requests sent to the base station at the same time, the base station will choose the node that has the lower rest energy and is closer to the current location of the MC.
In RPC, the outer MC focuses on its current charging task and waits for the next task. The life time of the nodes that have low power is long enough to survive until the MC charges them. However, in RPC, the MC may traverse a previously travelled path to charge an uncharged node, which requires additional energy consumption for movement energy consumption. It is inevitable that the MC consumes additional energy due to a high usage rate of the nodes battery power, which causes the MC to transfer more power in one charging task.
D. ENERGY SUPPLY FOR THE MCs
In this study, MCs in different regions have different workloads and consume different amounts of energy. The inner MC requires a higher frequency of energy supply to maintain its routine work, while the outer MC can operate for a long time without an energy supply. Therefore, we propose different energy supply schemes for the MCs in different regions.
Based on the high energy consumption rate of the inner MC, the MC should obtain an energy supply after completing each charging cycle. The MC obtains the energy supply from the base station after it returns from a charging cycle. The energy consumption of the MC returning to the base station is not high because the inner region is not large and the MC can reserve sufficient amounts of energy for returning to the base station.
However, this approach is not suitable for the middle MC because the path is too long for the MC to return to the base station. If the middle MC spends time returning to the base station, the sensor nodes that the MC is responsible for are in danger of running low on energy during this period. On the other hand, the MC has to reserve enough energy to return to the base station, which limits the amount of energy that can be transferred to the nodes. We propose that the inner MC cooperates with the middle MC to obtain an energy supply by using the remainder of the energy of the inner MC. The scheme is illustrated as follows:
When the inner MC finishes its charging cycle, it does not return to the base station directly but begins charging the middle MC. The inner MC travels to one of the middle regions and informs the middle MC that it requires charging. When the middle MC receives this information, it sends its location to the inner MC, so that it can finish its charging task at the current level and waits for the charging request for the next level. This means that the inner MC confirms the location where it will transfer energy. The two MCs meet at the location and begin the energy transmission. During this process, the inner MC reserves only the energy that is required to return to the base station and transfers the remainder of the energy to the middle MC. Subsequently, the inner MC returns to the base station and the middle MC continues its charging cycle. After the next charging cycle of the inner MC, it will charge the MC of the other middle region in the same way. Using the principle of cooperation, the inner MC charges the two middle MCs. As shown in Fig. 5 , MC1 charges MC2 after the first charging cycle and charges MC3 after the second charging cycle because the rest energy is lower for MC2 than for MC3. Both MC2 and MC3 obtain the energy supply in a nonconflicting manner.
In our algorithm, the middle MC obtains an energy supply without returning to the base station. This minimizes the issue of energy supply and allows the middle MC to focus on its charging task. The inner MC requires additional energy consumption for movement in this cooperation scheme. However, compared with the case of the middle MC returning to the base station and back, this small amount of energy movement energy consumption is acceptable.
The outer MC consumes its energy at a relatively slow rate and its battery can operate at a low energy value in a long time. Every time the outer MC requests a supply of energy, its battery is almost empty and has to be fully recharged. This large dose of energy supply is only well executed by the base station. Therefore, the outer MC returns to the base station for its energy supply. Due to the long lifetime of the nodes in the outer region, the outer MC has sufficient time to return to the base station and back and it is unnecessary to use the same cooperation scheme as in the middle region.
IV. SIMULATION A. EVALUATION SETUP
The simulation performance of the charging algorithm was evaluated using MATLAB. The details of the significant parameters and their values are as follows. There are 900 nodes uniformly deployed in a 1800 m * 1800 m square sensing area. The minimum distance to a neighbor node is 60 m. Every 20 seconds, the nodes sense the data and transfer the data packets to the base station. The energy consumed in every transmitting procedure is 0.01 J. The battery capacities of the MC and the node are respectively 30000 J We mainly focus on two parameters, the survival rate of the nodes and the charging efficiency, to determine the performance of the MCRA. The survival rate of the nodes is a crucial parameter for measuring network performance. All the schemes for charging the nodes are designed to enhance the survival rate of the nodes. The charging efficiency is also important in the charging schemes and determines the working efficiency of the MCs. A higher charging efficiency results in a better charging performance of the charging algorithm. We propose three different approaches to divide the network into three regions. We call these three division 5-5-5 division, 6-6-3 division, and 6-5-4 division. For example, in the 5-5-5 division, the height of the regions is 300 m. In other words, the MCs in the three regions are responsible for five rows of nodes. In the 6-6-3 division, the inner MC and the middle MC are responsible for six rows while the outer MC is responsible for only three rows of nodes. By comparing these three approaches, we can determine a suitable division approach.
We compare our algorithm with the No Knowledge No Coordination (NKND) scheme proposed by Madhja et al. [15] , which classifies MCs as super MCs and common MCs. In addition, we add a non-collaborative scheme of division charging for an additional comparison and in this scheme, the MCs scan only their charging area without any collaboration. These two schemes and the MCRA consume little communication overhead of the MCs; therefore, we ignore this overhead in our simulation. Our simulation begins when the network starts to operate and ends when all the nodes in the network have been charged at least once.
B. EVALUATION RESULTS
As shown in Fig. 6 , we compare the survival rate of the nodes without any charging in the three divisions to determine whether the nodes in the same region have approximately the same lifetime. We can see that the nodes in the middle region (Fig. 6(a) ) have a similar lifetime and a shorter life time because the rows in the middle region in the 5-5-5 division are closer to the base station. Therefore, these nodes have a shorter lifetime and a concentrated energy consumption rate. The 5-5-5 division and the 6-5-4 division perform better than the 6-6-3 division in the outer region because the lifetimes in these two regions are more discrete, indicating that the outer MC has less charging tasks during the same time. In Fig. 7 , we compare the charging energy transferred from the inner MC to the middle region in every five charging cycles to determine how much energy the inner MC transfers to the middle MC in the three divisions. In the first five rounds, the energy consumption of the nodes in the middle region is not high because the inner MC is responsible only for its nodes in the first three rounds. In round four, the inner MC in the 5-5-5 division first charges the middle MC, because the sixth row of nodes has low energy and the middle MC begins its charging cycle. In rounds 6-20, the inner MC in the 5-5-5 division transfers more energy to the middle MC because the middle MC is responsible for more highconsuming nodes, although the total number of nodes is higher in the 6-6-3 than in the 5-5-5 division. The total energy that the inner MC transfers to the middle MC increases as the charging cycle increases because an increasing number of nodes in the middle region is in danger.
In Fig. 8 , we compare the received energy of the two middle regions in the 5-5-5 division. Both middle MCs remain in their positions in the first three charging cycles of the inner MC. In the 4th round, the inner MC first charges part 1 of the middle MCs because, in this simulation, we placed the nodes in part 1 at the boundary of the two parts. Therefore, the total energy consumption is higher for part 1 than for part 2 and the inner MC first charges part 1. In the next round, the inner MC changes its target to charge part 2. Hence, the MC in part 1 receives energy in the even round while the MC in part 2 receives energy in the odd round. Figure 8 shows that the received energy differs greatly for the different rounds because the energy consumption differs for each round. For example, in round 10, the MC in part 1 receives less than 5000 J of energy but receives nearly 15000 J in round 12. The energy consumption of the middle MC during rounds 8-10 is high because the MC charges more nodes away from the base station and consumes a large amount of energy for moving. During this time, the MC charges only a few nodes near the base station or remains at the origin and waits for a charging request. In Fig 9, we focus on the relationship between the survival rate of the nodes in the middle region and the wait times for the middle MC. As we can see, in level 1, the middle MC waits at the first waiting point but does not wait at the following points and all the nodes can survive before the next charging cycle in all three divisions. In level 2, the middle MC waits at two points and finishes its charging cycle, while the MCs in the other two divisions cannot wait any longer to guarantee the survival of the nodes because in the divisions 6-6-3 and 6-5-4, the second waiting point lies at the edge node of row 8 and the MC waits for the nodes that have low energy in row 9. The lifetime of the nodes in row 9 is too long for the MC to begin a new cycle to guarantee the survival rate of the nodes close to the base station. Therefore, the middle MC in division 5-5-5 can wait at points in two levels while the middle MC in 6-6-3 and 6-5-4 waits at only one level to guarantee the survival rate of the nodes. Therefore, the middle MC in division 5-5-5 exhibits a high charging efficiency. In Fig. 10 , we compare the total charging efficiency for the three divisions. It is evident that the 5-5-5 division has the best efficiency and that the efficiency in the three divisions fluctuates greatly because during certain times, for example at 26000 minutes to 27000 minutes, nodes in the outer region are all in danger. Therefore, the outer MC charges more nodes with same movement energy consumption and the number of nodes is higher in the outer region than in the other regions, which has a great influence on the total charging efficiency. The efficiency increases when the nodes in the outer region are in danger and decreases when the nodes are safe. In Fig. 11 , we compare the number of death nodes in the three divisions. (A node is able to die twice as long as it is fully charged after its first death.) It is evident that the 5-5-5 division has the highest death rate during 8000-16000 min because during this time, some nodes in the outer region are in danger and the same nodes belong to the middle region in 6-6-3 and 6-5-4. As the time increases, the nodes in the middle region in 6-6-3 and 6-5-4 begin to die and their death rate increases. During 26000-27000 min, all the nodes in the network are in danger, and the death rate during this period increases sharply in Fig. 11 . The death rates in the 6-6-3 and 6-5-4 divisions exceed the death rate in the 5-5-5 division as time passes.
FIGURE 12.
The total charging efficiency in the three schemes.
In the following section, we compare the MCRA with the NKND and a non-collaborative charging scheme based on region division. The charging efficiency of the three schemes is shown in Fig. 12 . We can see that the MCRA performs better than the other two charging schemes because every MC in the non-collaborative scheme traverses its triangle charging region in one charging cycle. Therefore, the movement energy consumption of the MC is high and it is not necessary to charge certain nodes that are a distance away from the base station. In the NKND scheme, the MC also traverses the triangle and consumes a lot of energy due to movement. Moreover, the super MC in the NKND traverses a larger region than any of the other common MCs and consumes more energy; therefore, these two schemes obtain lower charging efficiencies. Figure 13 shows the survival rate of the nodes in the three schemes. (A node dies just one time even though it is charged after its first death and dies again.) The survival rates are similar for the three schemes prior to 10000 minutes. During this period, some nodes in the outer region of the MCRA die. As time passes, more and more nodes die in the other two schemes while in the proposed algorithm, no other nodes run out of energy. However, in our algorithm, some nodes die twice and three times because the outer MC is too busy to charge these nodes. However, the number of these nodes is relatively small. At 30000 minutes, we observe that in our algorithm, the least number of nodes have died compared to the other two schemes. It is evident that our algorithm provides a better performance for nodes that are in close proximity to other nodes and obtains a higher charging efficiency. The MCs in our algorithm charge nodes in a more timely fashion compared with the other schemes.
V. CONCLUSIONS AND FUTURE WORK
In this paper, we propose a charging algorithm for WSNs. The simulation results show that the MCRA performs better with regard to charging efficiency and node survival rate than other schemes. The reasons that our algorithm obtains a better performance are as listed follows: 1) we divide the network into three regions, which follows the rule of variation in the energy consumption rate of the nodes, and 2) we propose a new approach for supplying energy to the MCs, resulting in a greater work efficiency of the MCs. By using this approach, our algorithm enhances the charging efficiency of the MCs in WSNs and further enhances the lifetime of the nodes.
However, one drawback is that nodes located in the outer regions and with a high energy consumption rate may die before being charged. In future research, we plan to improve our algorithm and propose a more efficient charging algorithm that charges the nodes in danger in a more timely manner. In the future, a charging scheme that focuses on cooperating MCs without a regional division should be taken into consideration. 
